Enzyme mutagenesis is a commonly used tool to investigate the structure and activity of enzymes. However, even minute contamination of a weakly active mutant enzyme by a considerably more active wild-type enzyme can partially or completely obscure the activity of the mutant enzyme. In this work we propose a theoretical approach using reaction timecourses and initial velocity measurements to determine the actual contamination level of an undesired wild-type enzyme. To test this method, we applied it to a batch of the Q215A/R235A double-mutant of orotidine 5'monophosphate decarboxylase (OMPDC) from Saccharomyces cerevisiae that was inadvertently contaminated by the more active wild-type OMPDC from Escherichia coli. The enzyme preparation showed significant deviations from the expected kinetic behavior at contamination levels as low as 0.093 mol%. We then confirmed the origin of the unexpected kinetic behavior by deliberately contaminating a sample of the mutant OMPDC from yeast that was known to be pure with 0.015% wild-type OMPDC from E. coli and reproducing the same hybrid kinetic behavior.
order to saturate the enzyme as the enzyme will be saturated when [S] ≫ K m . The ratio of the parameters, k cat /K m , gives a second-order rate constant that can be used as a measure of an enzyme's overall efficiency in carrying out a particular catalysis. The usual experimental approach is to measure the initial velocity of either product formation or substrate consumption for several substrate concentrations, and fit this data to eq. 1 to provide the kinetic parameters k cat and K m . (1) Under conditions where substrate concentration is less than ~10% of K m , an approximation is made that the [S] term in the denominator of eq. 1 can be ignored, reducing the Michaelis-Menten equation to eq. 2. Of note is that the initial velocity of the reaction is now directly proportional to substrate concentration, resulting in a first-order decay of the substrate. The observed first-order rate constant, k obs , is related to k cat /K m by eq. 3. Thus by plotting a timecourse of reaction progress at sufficiently low substrate concentration, the second-order rate constant, k cat /K m , can be determined directly. However this approach does not allow for the determination of k cat or K m individually. The two experimental approaches of measuring initial velocities at many substrate concentrations and observing the timecourse of reaction progress at low initial substrate concentrations provide complementary techniques of determining k cat /K m for an enzyme. Ideally, both would be utilized so that a timecourse of reaction progress could be used as an internal check of k cat /K m for the enzymatic catalysis determined from initial velocity experiments. (2) ( 3) However if the enzyme of interest has been contaminated with another, more active enzyme that catalyzes the same chemical reaction, the kinetics could become more complicated. This can commonly be seen when the enzymes are prepared by overexpressing them from E. coli which contains its own version of the enzyme. A wild-type enzyme obscuring the reactivity of a mutant enzyme with lower activity has been reported previously for several enzymes, including triosephosphate isomerase [2] , β-galactosidase [3] , and UDP-N-acetylglucosamine enolpyruvyl transferase [4] . In these cases, the mutants of the studied enzymes were so inactive towards catalysis that small amounts of highly active wild-type enzymes were responsible for the entirety of the observed enzymatic activity. The kinetic parameters that were observed in these cases were inconsistent with other kinetic measurements, or the chemical knowledge of what effect the mutations should have, for instance predicting that mutating critical residues in the active site would have no effect on the rate of catalysis. The primary difference compared to the experimental results described in this work is that our contaminating enzyme contributed some, but not all, of the observed catalytic activity.
Materials and Methods

Materials
Orotidine 5′-monophosphate (OMP) was available from our earlier studies [5] [6] [7] [8] . Water was from a Milli-Q Academic purification system. All other chemicals were reagent grade or better and were used without further purification. Wild-type orotidine 5′-monophosphate decarboxylases from Saccharomyces cerevisiae (ScOMPDC) and Escherichia coli (EcOMPDC) were available from earlier studies [5, 8, 9] . The protein sequence of ScOMPDC differs from the published sequence for wild-type yeast OMPDC by the following mutations: S2H, C155S, A160S, and N267D [5, 9] . Except for the C155S mutation, the sequence is the same as that observed in the published crystal structure of wild-type ScOMPDC. The C155S mutation increases the stability of the protein, but does not affect the kinetic parameters or the overall structure of the enzyme [10] . The batch of ScOMPDC containing the Q215A/R235A double mutation was prepared according to the method given in our earlier studies [5, 8, 9] although the batch prepared for the current work was shown to be contaminated by ca. 0.09 mol% of wild-type EcOMPDC from the E. coli host used for overexpression of the mutant yeast enzyme (vide infra).
Preparation of Solutions
Solution pH was determined at 25 °C using an Orion Model 720A pH meter equipped with a Radiometer pHC4006-9 combination electrode that was standardized at pH 7.00 and 10.00 at 25 °C. Stock solutions of orotidine 5'-monophosphate (OMP) were adjusted to pH 6 -7 and stored in small aliquots at −20 °C. The concentration of OMP in stock solutions was determined from its absorbance in 0.1 M HCl at 267 nm using ε = 9430 M −1 cm −1 [11] .
Determination of k cat , K m , and k cat /K m for decarboxylation of orotidine 5'-monophosphate
Samples of mutant yeast OMPDCs that had been stored at −80 °C were defrosted and extensively dialyzed at 4 °C with 5 mM MOPS (50% free base) pH 7.1 at I = 0.05 (NaCl). The concentration of OMPDC in the stock solution was determined from its absorbance at 280 nm using an extinction coefficient of 29,910 M −1 cm −1 , calculated using the ProtParam tool available on the ExPASy server [12] .
Second-order rate constants k cat /K m (M −1 s −1 ) for decarboxylation of OMP catalyzed by OMPDC were determined in 10 -30 mM MOPS (50% free base) at pH 7.1, 25 °C and I = 0.105 (NaCl). Initial velocities of decarboxylation of OMP, v o (M −1 s−1), were determined spectrophotometrically by following the decrease in absorbance at 279 nm (Δε= −2400 M −1 cm −1 ), 290 nm (Δε = −1620 M −1 cm −1 ) or 295 nm (Δε = −842 M −1 cm −1 ) [5, 6 ] . The value of k cat /K m was obtained from the observed first-order rate constant, k obs (s−1), for the complete reaction of OMP at [OMP] o ≪ K m , monitored spectrophotometrically at 279 or 290 nm, using the relationship, k cat /K m = k obs /[E] (eq. 3). Values of k cat and K m were individually obtained from a Michaelis-Menten plot of initial velocity versus [OMP] with initial OMP concentrations ranging from 100-2000 μM, monitored spectrophotometrically at 279, 290, or 295 nm using the relationship v=k cat [E][OMP] / (K m +[OMP] ) (eq. 1).
Theory
We simulated the behavior of a mixture of a large amount of poorly active mutant enzyme and a much smaller amount of highly active wild-type enzyme. If the assumption is made that in a mixture of enzymes each enzyme will behave independently (as opposed to crossdimerization or some other interaction), then the overall initial velocity of reaction will be the sum of the initial velocities for each enzyme (eq. 4). The initial velocities of reaction contributed by wild-type and mutant enzymes, v wt and v mut , will be given by the Michaelis-Menten expression (eq. 1), corrected for the fraction of either wild-type or mutant enzyme present, f wt or f mut . If the wild-type enzyme is present in trace amounts, the approximation is made that f mut = 1. Eq. 5 is derived by taking the absolute velocity of reaction due to mutant enzyme at any substrate concentration, and scaling it by dividing by the maximum possible velocity for this mixture of wild-type and mutant enzymes, k cat wt f wt [E] + k cat mut [E] . The analogous equation for the scaled velocity of reaction due to the wild-type enzyme is not shown. Eq. 6 gives the fractional velocity of reaction due to the mutant enzyme, by taking the velocity of reaction catalyzed by mutant enzyme at any given substrate concentration, and dividing by the total observed velocity of reaction catalyzed by the mixture of the two enzymes at that specific substrate concentration. Again, the analogous equation for the fractional velocity of reaction by wild-type enzyme is not shown. Note that while the absolute velocity of reaction will depend on the total enzyme concentration, eqs. 5 and 6 define ratios of velocities and are not dependent on the enzyme concentration.
(4)
A mixture of wild-type and mutant enzymes can be divided into three classes. In class 1, the contamination is so minor, or the mutant enzyme is sufficiently active that the observed activity results essentially entirely from the mutant enzyme. In class 2, the contamination is so severe, or the mutant enzyme is sufficiently inactive, that the observed activity results essentially entirely from the wild-type enzyme. In class 3, the contamination is moderate and the resultant observed activity comes from both the wild-type and mutant enzymes in similar proportions. Because classes 1 and 2 will show the expected kinetic behavior of pure mutant and pure wild-type enzymes, respectively, we will focus on class 3 (moderate contamination) for the remainder of this manuscript.
Full reaction timecourses are generally carried out in the regime where the enzyme shows first-order behavior, that is, [S]≪ K m .(Eq. 2). In contrast, initial velocity studies are carried out over a full range of substrate concentrations both above and below K m for the enzyme. Therefore we consider the effect of contamination over a wide range of substrate concentrations. Figures 1 -3 show the relative contributions from both the wild-type and mutant enzymes under each of the three classes described above. In all three cases, the absolute activity of each enzyme increases with [S]. However, in the case that K m wt < K m mut , the wild-type enzyme will become saturated before the mutant enzyme. This assumption holds true for many enzymes, including cytochrome P450 BM-3 [13] and chorismate mutase [14] . This assumption holds true for most of the enzymes that our group has investigated. In figure 1 , nearly all of the activity is due to the mutant enzyme except at the lowest [S]. In figure 2 , nearly all of the activity is due to the wild-type enzyme, though there is marginal contribution from the mutant enzyme at the highest [S]. Figure 3 shows a hybrid behavior. When [S] < 150 μM, most of the activity is due to the wild-type enzyme. When [S] > 150 μM, most of the activity is due to the mutant enzyme. The maximum and minimum fractional contributions of mutant enzyme to the overall velocity can be determined by taking the limit of eq. 6 when the initial substrate concentration is very low (minimum contribution of mutant enzyme) or very high (maximum contribution of mutant enzyme). When [S] ≫ K m for both the wild-type and mutant enzymes, both enzymes will be saturated and the fraction of reaction caused by each enzyme will be based on their relative k cat values. When [S] ≪ K m for both enzymes, both enzymes will show first-order reactions and the fraction of reaction caused by each enzyme will be based on their relative k cat /K m values. Another way to put this is that kinetic experiments at low [S] such as reaction timecourses are especially sensitive to enzyme contamination. These experiments also allow a convenient means to determine the actual level of contamination.
For the relatively low [S] utilized in full-reaction timecourses, the wild-type enzyme will show the majority of the activity. If [S] is lower than K m for the mutant, but higher than K m for the wild-type enzyme, the timecourse will begin with a region of zero-order behavior. Once [S] has decayed to a value lower than K m for both enzymes, both enzymes will show first order behavior and the observed reaction timecourse will be first-order, albeit with a spuriously large observed second-order rate constant based on the full activity for the wildtype enzyme being "diluted" by the considerably less active mutant enzyme. Eq. 7, gives the observed second-order rate constant, (k cat /K m ) obs , as a weighted sum of the second-order rate constants for wild-type enzyme (k cat /K m ) wt and mutant enzyme (k cat /K m ) mut . Again making the assumption that f mut = 1 and rearranging eq. 7 gives eq. 8, the fraction of wildtype enzyme present as a function of the observed and true second-order rate constants. If authentic kinetic parameters for both the wild-type and mutant enzyme are known, the level of contamination can be determined. If an experiment requires at least 90% of the observed activity to be caused by the mutant enzyme at any [S], Figure 4 shows the maximum acceptable level of wild-type contamination based on the relative values of k cat /K m for each enzyme. (7) 
For moderate enzyme contamination (class 3), the mutant enzyme will dominate the activity for sufficiently high values of [S]. If the [S] for which the mutant enzyme dominates is still below the K m value of the mutant, then initial velocity plots in that range will not show any observed saturation. Initial velocity plots will therefore predict a large K m for the enzyme, which is in contradiction to the results seen from the initial timecourses. Our model allows these contradictory results to be explained based on how the relative impact of the contamination changes with [S]. We now turn to a specific enzyme to confirm if moderate enzyme contamination is capable of showing the predicted kinetic effects.
Results and Discussion
We are interested in the enzyme orotidine 5'-monophosphate decarboxylase (OMPDC). This enzyme catalyzes the decarboxylation of orotidine 5'-monophosphate (OMP) to form uridine 5'-monophosphate (UMP, Scheme 1), a crucial reaction in the biosynthesis of other nucleotides such as cytidine monophosphate and thymidine monophosphate. OMPDC is one of the most efficient enzymes known, capable of accelerating the decarboxylation reaction by a factor of 10 17 compared to the uncatalyzed reaction, while not requiring any metal ions or cofactors [15] . Several groups have probed the mechanistic details of just how OMPDC is capable of such a catalytic feat [15] [16] [17] [18] . Based on previous experiments in our group, the mechanism of the decarboxylation involves the formation of a high-energy vinyl carbanion that is stabilized by the enzyme (Scheme 1) [19] [20] [21] [22] .
Part of our approach to studying OMPDC is using different enzymatic mutants in order to determine which amino acid residues are critical for the decarboxylation reaction, either by stabilizing the carbanion intermediate directly or indirectly interacting with a nonreacting portion of the substrate such as the phosphate group. In OMPDC from baker's yeast (Saccharomyces cerevisiae), two of these key residues are glutamine-215 and arginine-235 (Q215 and R235), both of which interact with the phosphate group of OMP [23] . Both glutamine and arginine can form hydrogen bonds between the NHs at the end of their side chains and the phosphate oxygens. One of the mutants we investigated was the Q215A/ R235A double mutant of OMPDC from yeast ("mutant ScOMPDC"), where the key glutamine and arginine had been replaced with alanine residues that are incapable of forming these hydrogen bonds. Based on data from the Q215A and R235A single mutants of ScOMPDC, we expected the Q215A/R235A double mutant to have a K m value of at least 1000 μM, if not considerably larger [5, 6] . The initial substrate concentration in the timecourse of OMP decarboxylation was 27 μM, but to our surprise, the timecourse of OMP decarboxylation was not first-order at the beginning of the reaction ( figure 5) , instead appearing to be closer to zero-order at the beginning of the timecourse with a later transition to pure first-order behavior. Zero-order behavior is indicative of an enzyme that is saturated with substrate, meaning that K m must be smaller than 27 μM for Q215A/R235A mutant ScOMPDC. However the Michaelis-Menten plot of initial velocities (figure 6) revealed no apparent enzyme saturation when OMP concentrations of up to 500 μM were used, implying that K m was considerably larger than 500 μM. The complete reaction timecourse of 27 μM OMP and initial reaction velocities when up to 500 μM of OMP were used are in contradiction with each other with respect to the magnitude of K m . Additionally, fitting the portion of the timecourse that corresponded to the consumption of the final 2 μM of OMP gave a k cat /K m value of approximately 600 M −1 s −1 . In other double mutants of ScOMPDC, the mutations behaved nearly independently in that the effects of the mutations on k cat /K m were essentially multiplicative [8] . That would predict that for Q215A/R235A OMPDC, k cat /K m should be approximately 12 M −1 s −1 , 50 times smaller than the second order rate constant determined from the reaction timecourse.
This discrepancy between the reaction timecourse and initial velocity measurements could be caused by enzyme contamination as described above. This would correspond to class 3, a mixture of activity from both of the enzymes present ( Fig. 3) . A possible identity for the second enzyme is the wild-type form of E. coli OMPDC (EcOMPDC), which has a K m of 22 µM [5] . At relatively low [OMP] in the reaction timecourse, EcOMPDC would dominate the activity, explaining the zero-order behavior seen in the timecourse (Fig. 5) . At relatively high [OMP] in the initial velocity plots, mutant ScOMPDC would dominate, explaining the lack of significant saturation at ca. 1000 µM (not shown). Table 1 summarizes the kinetic parameters for the wild-type EcOMPDC and the wild-type and mutant ScOMPDCs [5, 7, 8] . Application of Eq. (8) with the known k cat /K m values of 630,000 and 13 M −1 s −1 for EcOMPDC and mutant ScOMPDC, respectively, along with the observed k cat /K m of 600 M −1 s −1 (Fig. 5 ) yielded a contamination of 0.093 mol% EcOMPDC for this initial batch of mutant ScOMPDC. Although a tenth of a percentage level of contamination would be suitable for most commercial reagents, the inactivity of mutant ScOMPDC meant that for the complete reaction timecourse of 27 µM OMP shown in Fig. 5 , more than 95% of the activity was actually due to contaminating EcOMPDC. Even for the initial velocity plot (not shown), 50-70% if the activity was due to EcOMPDC, making this batch unusable for a detailed investigation of how OMPDC catalyzes the decarboxylation reaction.
A new batch of mutant ScOMPDC was prepared with more stringent purification, and initial velocity of reaction studies ( Figure 6A) were carried out.
[OMP] ranged from 180 μM to 1800 μM and the data were fit to eq. 1 to give the kinetic parameters shown in Table 1 . Figure 6b shows a representative timecourse of reaction progress of 150 μM OMP that was monitored at 279 nm. It was now cleanly fit to a first-order decay over the whole reaction (eq. 3), giving k cat /K m = 13 M −1 s −1 , in agreement with predicted values. There was now fully first-order behavior at the start of this timecourse, suggesting that there was no EcOMPDC present, or at least not enough to contribute meaningfully to the overall activity (Class 1).
Finally, we verified that enzyme contamination was the source of the strange kinetic behavior seen in figure 5 by spiking a sample of the second, highly-purified batch of mutant ScOMPDC with 0.015 mol% of authentic EcOMPDC. At 0.015 mol% contamination, the EcOMPDC would have a minimum fractional contribution of 10% and a maximum contribution of 87%. This contribution should be detectable regardless of what [OMP] is being used in the experiment, but should not overwhelm the activity from the mutant ScOMPDC as in the original contaminated batch. Figure 7 (dotted lines) shows the reaction timecourse for the complete reaction of 120 μM OMP catalyzed by mutant ScOMPDC containing 0.015 mol% EcOMPDC. This initial substrate concentration is substantially below the K m for the mutant ScOMPDC, but substantially above K m for EcOMPDC. Fully first-order OMP decarboxylation would indicate that mutant ScOMPDC was active, while non-first-order behavior would indicate either EcOMPDC or a mixture of the two enzymes were dominant. Of particular note is that the complete reaction timecourse in figure 7 looks very much like the timecourse in figure 5 , with a non-first-order beginning that later transitions into a first-order decay once the substrate concentration has been reduced to ~2 μM, significantly below the K m for EcOMPDC. The apparent (k cat /K m ) obs calculated from the first-order fit of the timecourse of the decarboxylation of the final 2 μM of OMP is 75 M −1 s −1 (figure 7, solid line). Eq. 8 gives an estimated EcOMPDC contamination of 0.010 mol %. This is close to the actual contamination level of 0.015% and the discrepancy may be due to the possible instability of the dimeric EcOMPDC at concentrations below 5 nM. This provides further confirmation of the efficacy of this method of determining enzyme contamination.
Conclusion
The fact that such small physical contamination can lead to such large kinetic effects underscores the importance of both ensuring that enzymes are well purified, and also having a reliable means to test for any enzymatic contamination. It also highlights the importance of using multiple experimental techniques such as both timecourses of complete reaction progress, and initial reaction velocity studies. While in this work the effect was due a contamination of the target mutant ScOMPDC with wild-type EcOMPDC, this could happen in practice for any pair of enzymes that catalyze the same reaction, but have very different values of their Michaelis constants, K m . These pairs of enzymes would become saturated at different substrate concentrations, resulting in each enzyme dominating the catalysis at a different range of substrate concentration. The method we utilized to determine the enzyme contamination is general and easy to apply. It only requires having a knowledge of which enzyme is contaminating the enzyme of interest, and a reliable knowledge of the kinetic parameters for both enzymes. While in the course of our experiments, the contamination was significant enough to warrant producing a more highly purified batch of the mutant ScOMPDC, should the contamination be minor, this approach would also provide a way of mathematically correcting for the activity of the wild-type enzyme without need of producing more material. Simulated behavior of mutant enzyme with moderate contamination of wild-type enzyme using the actual kinetic parameters those of EcOMPDC and mutant ScOMPDC ( Table 1) . k cat wt = 14 s −1 ; k cat mut = 0.02 s −1 ; K m wt = 22 μM; K m mut = 1500 μM and the contamination level is 0.015 mol%. (A) Velocities for the mutant enzyme (red) and the wild-type enzyme (blue) scaled by the maximum possible velocity for this mixture of enzymes. Inset: Enlargement of the graph for substrate concentrations less than 150 μM. (B) Fractional velocity due to mutant enzyme (red) and wild-type enzyme (blue). Maximum acceptable enzyme contamination for a given ratio of k cat /K m for the wild-type and mutant enzymes. Each point indicates the contamination of the wild-type enzyme where at most 10% of that activity will be due to the wild-type enzyme. 
